available are known to act on the enzyme. The two Laboratory of Molecular Biophysics classes of DNA ligase share little sequence homology, University of Oxford with the exception of a conserved motif (KxDG) around Oxford OX1 3QU a lysine residue that is known to be at the active site of United Kingdom a number of enzymes that catalyze nucleotidyl transfers including all DNA, RNA, and tRNA ligases as well as the eukaryotic mRNA "capping" enzymes (Shuman and Summary Schwer, 1995) . Catalysis by both classes of DNA ligase proceeds via a number of steps (Engler and Richardson, The crystal structure of the ATP-dependent DNA ligase 1982) beginning with the hydrolysis of ATP or NAD ϩ to from bacteriophage T7 has been solved at 2.6 Å resoluyield AMP covalently attached to an active site lysine tion. The protein comprises two domains with a deep residue, with the release of pyrophosphate or nicotincleft running between them. The structure of a comamide mononucleotide. This adenylated enzyme is then plex with ATP reveals that the nucleotide binding able to transfer the AMP moiety from this lysine residue pocket is situated on the larger N-terminal domain, at to the free 5Ј-phosphoryl group at the end of a DNA the base of the cleft between the two domains of the strand either at a nick site or at the end of a DNA duplex.
(B) Ribbon representation of the enzyme after removal of the first 130 amino acids at the N terminus (see text for explanation). These figures were prepared using the program PREPPI.
1 (residues 2:240) consists of three mainly antiparallel observed for a number of proteins including staphylococcal nuclease (Hynes and Fox, 1991) , the DNA-bind-␤ sheets that are flanked by six ␣ helices. This domain contains the ATP-binding site, which is situated in a ing domain of a bacterial cold shock protein (Schindelin et al., 1993) and the gene V single-strand DNA-binding pocket beneath one of the ␤ sheets ( Figure 2 ). The fold of domain 2 (residues 241:349) consists mainly of a highly protein (Skinner et al., 1994) . The two domains have a distinct groove running between them, which may be twisted antiparallel ␤ sheet with a single ␣ helix running along one edge. This is a common fold that has been the DNA-binding site (see below). The whole structure is folded rather tightly with short connecting regions between the secondary structural elements, with the exception of a loop between residues 115-130 that extends from the surface of the protein but is somewhat disordered in this structure. This loop is a hypersensitive site for protease digestion (see below) but is not conserved in other DNA ligases. Some of the residues in this loop (121) (122) (123) (124) (125) (126) (127) and in another loop (307) (308) (309) (310) (311) (312) (313) (314) (315) (316) , as well as a few at the C terminus (350-359) were too poorly ordered to be included in the model.
ATP-Binding Site
The structure of a complex of the protein with ATP was obtained by soaking the crystals for 6 hr in harvest solution (100 mM NaCl, 100 mM Bis-Tris [pH 6.9], 15% MePEG 5K), containing 5 mM ATP and 10 mM MgCl2. Electron density corresponding to the bound ATP was found in a deep pocket on the surface of domain 1 (Figure 3) . Binding of the ATP appears to be stabilized by comes covalently attached to AMP in the first step of blue. This figure was prepared using the program RIBBONS (Carson, 1991) .
the reaction (Modrich and Lehman, 1973). Presumably Electron density for the bound ATP in a simulated annealing omit map (Fo-Fc) in which ATP was excluded from the model. The map is contoured at 2s, and the coordinates from the final model of the ATP complex have been overlaid for reference.
this reaction is much slower in the crystal since we must share a common mechanism and that the enzymes are likely to have a similar structure (Shuman and saw no evidence of covalent attachment, although the reason for this is not evident from the crystal structure.
Schwer, 1995), a proposal that is supported by biochemical data of mutant enzymes (Heaphy et al., 1987 ; KoDetails of the interactions between the bound ATP and the protein are presented in Figure 3 . The ribose dama et al., 1991; Shuman, 1993, 1995; Shuman et al., 1994; Shuman and Ru, 1995 ; Shuman and ring forms hydrogen bonds with the side chains of Arg-39, Arg-55, and Glu-93. The phosphates are contacted Schwer, 1995) . If this is indeed the case, then one might expect that the conserved motifs in these enzymes by Lys-232 and Lys-238, as well as by the catalytic lysine residue Lys-34. The triphosphate tail protrudes from the would have an important role that might be evident from the structure of DNA ligase. Examination of the positions ATP-binding pocket into a highly basic region on the surface of the protein. The adenine ring makes a number of these motifs within the DNA ligase structure ( Figure  4) indicates not only that they are clustered around the of polar contacts with the protein, though in general the sides of the adenine-binding pocket are fairly hydropho-ATP-binding site, but also that they form the sides of the groove between the two domains of the protein. The bic. Of particular interest are the interactions of the 6-amino group of the adenine ring with the main-chain crystal structure reveals the role of a number of residues in these motifs. Motif I contains the active site lysine carbonyl of Ile-33 and the side chain of Glu-32 that may explain the specificity for ATP, over GTP, as cofactor (K34) that forms the covalent AMP adduct. Motif III contains a glutamate residue (E93) that forms hydrogen for ligation. This is an important feature with respect to the GTP-dependent mRNA capping enzymes.
bonds with the ribose of the ATP while the tyrosine (Y149) in motif IIIa is stacked against the adenine ring, and the essential lysine in motif V (K238) contacts the A Common Fold for the Nucleotidyltransferase Superfamily ␣-phosphate group. Consequently, these regions of the protein form the basis of the nucleotide binding pocket In eukaryotes, newly synthesized mRNA is capped at the 5Ј end by the addition of a GMP moiety that is in DNA ligase as well as the groove between the domains, and it is likely that this is also the case for the subsequently methylated (Shuman and Schwer, 1995) . This modification of the mRNA appears to be essential, capping enzymes. However, although the mechanism of nucleotidyl transfer appears to be similar in these since elimination of this activity in yeast results in a nonviable cell line (Shibagaki et al., 1992) . Studies of enzymes, their polynucleotide substrates differ greatly. Since we do not have direct structural evidence for the these mRNA capping enzymes have revealed that the reaction proceeds via a covalent GMP-enzyme intermeligase/DNA complex, we are not able to draw any conclusions about the manner by which the specificity for diate in which the GMP moeity is attached to the protein via a lysine residue (Shuman and Hurwitz, 1981) . This different polynucleotide substrates is achieved by these enzymes. However, examination of the conservation of lysine residue is part of a conserved KxDG motif which is the same as that found at the active site of DNA and sequence between the capping enzymes and DNA ligases coupled with the crystal structure does provide RNA ligases (Lindahl and Barnes, 1992) . Furthermore, there are several other motifs that are also conserved clues about the manner by which specificity for ATP or GTP is achieved. There are two important interactions between DNA ligases, RNA ligases, and tRNA ligases, with a similar spacing between them (Shuman and between the 6-amino group of the adenine ring and the enzyme, one via the main-chain carbonyl of Ile-33 and Schwer, 1995). These similarities have led to the suggestion that nucleotidyl transfer by all of these enzymes the other via the side chain of Glu-32 ( Figure 3 ). This , 1994) . The alignments are after Schwer, 1995, and Kletzin, 1992 , though the alignment in motif V has been slightly altered from that in Shuman and Schwer, 1995. Residues enclosed in boxes have been shown to be essential for activity; numbers adjoined by dashes represent the number of residues between the adjacent motifs.
latter residue is usually a Glu, though occasionally an of the cleft, in the larger domain. Coupled with further Asp or Gln, in ATP-dependent ligases (Kletzin, 1992) , evidence presented below, we believe that these similarthe only exception being the enzyme from African swine ities between the enzyme structures not only provide fever virus (Hammond et al., 1992) for which the relative evidence for the DNA-binding site in DNA ligase, but specificity for ATP over GTP is not known. In contrast, also may have important implications for the molecular this residue is highly variable in the capping enzymes mechanism of the enzyme. but is never a Glu, Asp, or Gln (Shuman and Schwer, Crystal structures of the HhaI and HaeIII methyltrans-1995). Glu-32 forms an ion pair with Lys-222 that is ferases complexed with DNA (Klimasauskas et al., 1994 ; buried in an otherwise hydrophobic environment, and Reinisch et al., 1995) revealed that the DNA binds in a Lys-222 is also conserved in all ATP-dependent ligases groove between the two domains. Although the folds of except that from African swine fever virus (Hammond DNA methyltransferases and DNA ligase are different, et al., 1992) .
both proteins have a two-domain structure with a large cleft between them suggesting that the enzymes may adopt a similar mode of binding to DNA. This hypothesis Evidence for the DNA-Binding Site The overall fold of T7 DNA ligase shows little similarity is supported by calculations of the charge distribution on the surface of the enzyme (Nicholls and Honig, 1991) with other proteins, in particular there is no similarity with other DNA-binding proteins, although domain 2 which reveal that while the majority of the enzyme surface is highly negatively charged, there is a large positive does have the same fold as staphylococcal nuclease (Hynes and Fox, 1991) . However, a closer examination potential around the adenine binding pocket that continues into the base of the cleft ( Figure 5 ). Equivalent calcuof the structures of other DNA-binding proteins reveals that there is some similarity between DNA ligase and lations with the HhaI DNA methyltransferase reveal a similar charge distribution (Cheng, 1995) . Furthermore, the DNA methyltransferases, insofar as both proteins have a two-domain structure with a deep groove running since the ATP-binding pocket is at the base of the cleft and it is known that AMP is transferred from the active between them (Klimasauskas et al., 1994; Reinisch et al., 1995) . Although this domain arrangement is not site lysine residue to the bound DNA in the second step of the reaction, the ATP-and DNA-binding sites must unique to these enzymes, there are a number of other reasons to make us believe that this comparison may be in close proximity. When taken together, these observations suggest strongly that DNA binds in the cleft be important. The conservation of residues that line the groove between the domains (Figure 4) indicates that between the two domains of the protein.
To test this proposal, we have undertaken biochemithis is an important structural feature for DNA ligases. The active site for both classes of enzyme is at the base cal studies using a variety of fragments of the protein. Skinner et al., 1994) , this domain does not bind to single-stranded DNA but instead has a high affinity for double-stranded DNA (A. J. Doherty and D. B. Wigley, unpublished data).
Mechanistic Implications
The comparison of the domain structure and DNA-binding sites in DNA ligase and the DNA methyltransferases may have important implications for the mechanism of DNA ligases. The type II DNA methyltransferases are enzymes that are responsible for protecting the host DNA from digestion by restriction endonucleases. The crystal structures of the enzymes complexed with DNA substrates (Klimasauskas et al., 1994; Reinisch et al., 1995) have shown that the enzymes utilize a remarkable mechanism that involves displacement of the base which is to be modified by a rotation of ‫081ف‬Њ around the phosphodiester backbone to flip the base out of the glycosylase (Savva et al., 1995) and DNA photolyase the triphosphate tail of the coenzyme can be seen protruding from (Park et al., 1995) , and has led to the suggestion that riophage T4 complexed with a DNA substrate (Vassylyev et al., 1995) revealed an interesting variation on this Using limited proteolysis, we have shown that there is base-flipping theme. In this case, it is an adenine base a hypersensitive protease cleavage site that correthat flips out of the DNA duplex rather than the pyrimisponds to the extended flexible loop (residues 115-130) dine dimer that is to be excised. The purpose of this seen in the structure in this region (see Figure 1A) . We base flipping is to make room within the DNA duplex have shown that removal of 130 amino acids at the N for catalytic residues that then effect the removal of the terminus does not affect the ability of the truncated pyrimidine dimer. This contrasts with the methyltransferprotein to bind to DNA, but destroys its catalytic activity ases in which the flipped out base is the substrate. (A. J. D., S. R. A., and D. B. W., unpublished data). The For both classes of enzyme, it is difficult to distinguish loss of catalytic activity of the fragment is presumably between a mechanism that involves "induced flip" or due to removal of the active site lysine residue (Lysone in which the enzyme acts simply by stabilizing a 34). However, the fragment retains the ability to bind to base outside of the DNA duplex after it has flipped out. double-stranded DNA and, interestingly, is also a very In other words, whether the enzyme plays an active or effective competitive inhibitor of intact DNA ligase. Repassive role in the base-flipping process. However, in moval of 130 amino acids at the N terminus removes both cases, the enzyme has to bind a base outside of >50% of domain 1, but the truncated protein would the DNA duplex as a part of the reaction mechanism. retain the cleft between the domains and hence the Comparison of the structures of the DNA ligase/ATP proposed DNA-binding site (see Figure 1B) . This may complex and DNA methyltransferase/DNA complex reexplain the ability of the fragment to act as a competitive veal that the nucleotide binding pockets are in similar inhibitor of the intact enzyme. In a further set of experipositions on the N-terminal domains of the proteins, ments (A. J. D. and D. B. W., unpublished data), we have particularly with respect to the groove between the doalso made genetic constructs that express domain 1 mains. Thus, we propose that the adenylated DNA interand domain 2 separately, purified the proteins, and studmediate binds to DNA ligase in a manner that is similar, ied their biochemical properties. Domain 1 retains ligase in some respects, to the binding of the DNA substrate activity, though at a reduced level, while domain 2 has of the methyltransferases in which the base that is to no ligase activity. However, using DNA band shift asbe modified is flipped out of the duplex (Figure 6 ). Howsays, we have been able to demonstrate that both doever, the precise mode of binding differs between the main 1 and domain 2 are able to bind to double-stranded two classes of enzyme, since in the case of the DNA DNA-consistent with the idea that the DNA-binding site ligases the base is not flipped out, but rather is an extrais between the domains in the intact protein, with both neous base that is held out of the DNA duplex. There contributing to the binding presumably from either side is a compelling mechanistic reason for this similarity of the duplex, since it is unlikely that there are two between the two enzymes. For DNA ligase, the AMP distinct DNA-binding sites in the intact protein. Furmoiety is an additional base that is superfluous to the thermore, although the fold of domain 2 is very similar normal basepairing in the DNA duplex. Consequently, to a number of other proteins that bind single-stranded DNA (Hynes and Fox, 1991; Schindelin et al., 1993;  the adenine base must be held out of the DNA duplex the case of DNA ligase, the enzyme keeps a base out of the DNA duplex rather than flipping it out. There is no need for the enzyme to flip out the adenine base, merely to prevent it from entering the duplex in the first place. Thus, while the methyltransferases and pyrimidine repair enzymes need to temporarily prevent a base from reentering a DNA duplex, in DNA ligase the base has to be permanently restrained.
Since there is no similarity between the folds of DNA ligase and DNA methyltransferases, merely a similarity between their domain structure, it is unlikely that they have evolved from a common ancestor. It is much more Figure 6 . Proposed General Mechanism for Ligases and Related likely that evolution of the two enzymes has converged Nucleotidyltransferases upon a similar domain structure to perform a similar function, namely binding of a base outside of a DNA duplex. Whether other DNA modifying enzymes will also prove to operate via base-flipping mechanisms remains to be seen, but these studies suggest that this mechato allow normal basepairing in the ligation product once nism may be even more general than already suggested the AMP has been removed. If the AMP moiety were (Roberts, 1995) and unexpectedly extends the class to not flipped out of the way, it is likely that the adenine include enzymes involved in nucleotidyl transfer reacbase could stack with other bases at the nick site and tions. However, it is clear that X-ray structural analysis interfere with ligation. By holding the AMP out of the of other complexes is needed to provide further informaway, this problem is averted. In contrast, the base that is tion about the mechanisms of nucleotidyl transfer and modified in DNA methyltransferases is only temporarily substrate recognition by these enzymes. displaced from the duplex while the modification is taking place. After methylation, the base returns to re-form a normal duplex. Consequently, although both classes
Experimental Procedures
of enzyme have evolved to bind a base held out of a
Crystallization and Data Collection
DNA duplex, this is only a part of the reaction that each Cloning, overexpression, purification and crystallization were as decatalyzes, and other details of their mechanisms are scribed previously (Doherty et al., 1996) . Crystals had a relatively very different. A modification of the base-flipping theme short lifetime in the X-ray beam, but this was extended by flashhas been demonstrated recently by the structure of a freezing at 100 K. However, even at this temperature, crystals only survived long enough for a single data set to be collected. The pyrimidine dimer repair enzyme complexed with a DNA structure determination was beset with problems of crystal nonisosubstrate (Vassylyev et al., 1995) . Although this enzyme morphism, but crystals were grouped around three major forms binds a base outside of a DNA duplex, the reason for (Table 1) . One positive aspect of this nonisomorphism was that it this is to create access for the catalytic machinery rather was sufficient between the crystal forms to allow density averaging than to present the base for modification. The structural between them to improve the phases of the initial electron density evidence presented here suggests that ligase may repmaps (see below). The nonisomorphism between crystals is illustrated by calculation of the R factor between native data from type resent a third variation on the base-flipping theme. In Table 2 . All knowledge of these additional heavy atom binding sites was useful crystals were of the orthorhombic space group P2 1212, with one in fitting a model to the electron density maps since the model had ligase monomer per asymmetric unit and unit cell dimensions for to be consistent with the chemistry of the heavy atoms at these the various crystal forms as indicated in Table 1 . Data were collected sites. The eleven selenium sites also positioned all of the methionine using a Mar image plate scanner either with a rotating anode source residues, except for those at the N and C termini of the protein, and (Laboratory of Molecular Biology, Medical Research Council) or uswere important in ensuring the correct chain connectivity of the ing synchrotron radiation. Synchrotron data were collected at model. Initially, four selenium sites were identified by direct methods Daresbury (Synchrotron Radiation Source), Hamburg (European Moas implemented in SHELX (Sheldrick, 1992) . The remaining selenium lecular Biology Laboratory), or Brookhaven (National Synchrotron sites were determined by difference Fourier calculations, as were Light Source) at the wavelengths indicated. Data were processed heavy atom sites in other derivatives (4 mercury, 4 platinum, 4 iridusing DENZO and SCALEPACK (Otwinowski, 1993) , with subseium, 1 tungstate). A 2.9 Å resolution electron density map was calcuquent calculations using CCP4 programs (Collaborative Computing lated, using multiple isomorphous replacement phases, for crystal Project No. 4, 1994) unless otherwise indicated. Although data were forms I and II. The resulting maps were cross-averaged and solvent eventually collected at 2.6 Å resolution, the strength of the diffraction flattened. This procedure increased the mean figure of merit to 0.82 fell off rapidly beyond 4 Å resolution. This is best illustrated by the and the correlation coefficient from 0.58 to 0.83. The initial averaged overall temperature factors for the data, determined by the method and solvent-flattened map, calculated at 2.9 Å resolution, was interof Wilson (1942) , which were 61.2 Å 2 and 51.1 Å 2 for the type III and pretable with the aid of the known amino acid sequence coupled type IV data, respectively.
with the chemistry of the heavy atom sites, allowing a complete assignment of the domain at the N-terminus, with the exception of Structure Determination a loop of polypeptide between residues 115 and 130. An initial model A large number of heavy atom derivatives were identified, but of was built into the resulting electron density map using the molecular these only the mercury and selenomethionine derivatives were usegraphics program TURBO-FRODO (Roussel and Cambillau, 1989) . ful for phasing at high resolution (Table 1) . Consequently, the other Electron density was poorer for the second domain, but much of derivatives were not analyzed beyond low resolution. However, a the secondary structure was evident, and a good deal of this domain could be built in the first round of model building. The density was improved further by phase combination using phases calculated Table 2 . Scaling between Type I and Type II Native Data Sets from the partial model, followed by solvent flattening. Initial rounds of crystallographic refinement were carried out using positional reResolution (Å ) R Factor (%) finement in XPLOR (Brunger et al., 1989) , followed by rounds of 10-7.9 27.4 simulated annealing refinement, also using XPLOR, with manual 7.9-5.9
32.1 rebuilding of the model between rounds of refinement. During refine-5.9-4.6 35.9 ment, the free R factor (Brunger, 1992) was monitored to reduce 4.6-3.9 39.2 model bias. The final models were refined against the type III and 3.9-3.5 41.2 type IV data for the apo-enzyme and ATP complex structures, re-3.5-3.2 43.9 spectively. Initial refinement used a rigid body procedure, in XPLOR, 3.2-2.9
46.2 with domain 1 (residues 2:240) and domain 2 (residues 241:349) as Overall 39.2 independent parts of the model. Further refinement used simulated annealing and energy minimization in XPLOR. Manual rebuilding of The asymmetric unit in type I crystals is related to that in type II the models into 2Fo-Fc and Fo-Fc difference electron density maps crystals by a rotation, in polar angles, of ϭ 156.9Њ, φ ϭ 152.7Њ, was undertaken as necessary. The final rounds of model building ϭ 1.7Њ, with a translational component of Ϫ0.7, Ϫ0.1, 0.1 Å .
were used to insert solvent molecules. Statistics for refinement of Table 3 . A final check on the validity of the chain trace was carried out by examining the correlation Hynes, T.R., and Fox, R.O. (1991). The crystal structure of staphylocoefficient for the electron density in the averaged map and that coccal nuclease refined at 1.7Å resolution. Proteins 10, 92-105. calculated for the final model (from the type III cell) which was fitted Kletzin, A. (1992) . Molecular characterisation of a DNA ligase gene back into the averaged map using a rigid body procedure (Figure of the extremely thermophilic archaeon Desulfurolobus ambivalens 7). The correlation coefficient was generally very good but was shows close phylogenetic relationship to eukaryotic ligases. Nucleic lower in the regions corresponding to surface loops that were either Acids Res. 20, 5389-5396. disordered (residues 115-130 and 307-316) or extended beyond the Klimasauskas, S., Kumar, S., Roberts, R.J., and Cheng, X. (1994) . mask used for averaging (residues 247-250 and 258-265).
HhaI methyltransferase flips its target base out of DNA helix. Cell 76, 357-369.
